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and/or	 quantities	 of	DNA,	 restricting	 the	 type	 of	molecular	methods	 that	 can	 be	
used.	Despite	 this	 limitation,	genetic	monitoring	using	MIS	 is	an	effective	 tool	 for	
estimating	population	demographic	parameters	and	monitoring	genetic	diversity	in	
natural	populations.	Genetic	monitoring	 is	 likely	to	become	more	 important	 in	the	
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on	 Biological	 Diversity	 SBSTTA,	 2003).	 Key	 tools	 for	 biodiversity	
monitoring	 utilise	 methodological	 approaches	 from	 the	 field	 of	
genetic	monitoring,	 relying	on	genetic	 tools	 for	 evaluating	 change	
(Stetz,	Kendall,	Vojta,	&	GeM,	2011).	Genetic	monitoring	focuses	on	
quantifying	temporal	changes	in	population	genetic	metrics,	or	other	





versity,	 structure	 and	 effective	 population	 size;	 and	 increasingly,	
responses	 to	 selective	 pressures	 such	 as	 exploitation	 (e.g.,	 trophy	
hunting)	 and	 climate	 change	 (Schwartz	 et	al.,	 2007;	 Stetz	 et	al.,	




data	 provided	 by	 these	 approaches	 (Beja-	Pereira,	 Oliveira,	 Alves,	
Schwartz,	&	Luikart,	2009).











2007;	Waits	 &	 Paetkau,	 2005).	 In	 the	 last	 25	years,	 researchers	
have	demonstrated	a	variety	of	 important	applications	of	MIS	 in-
cluding	 detecting	 rare	 species	 (Palomares,	 Godoy,	 Piriz,	 O’Brien,	
&	 Johnson,	2002;	Valière	et	al.,	 2003),	 estimating	population	 size	
and	 other	 demographic	 parameters	 (Carroll	 et	al.,	 2013;	 Kendall	
et	al.,	2009;	Kohn	et	al.,	1999;	Rudnick,	Katzner,	Bragin,	Rhodes,	&	
DeWoody,	2005;	Woodruff,	Lukacs,	Christianson,	&	Waits,	2016;	
Woods	 et	al.,	 1999),	 evaluating	 genetic	 diversity	 and	 gene	 flow	
(Epps	 et	al.,	 2005;	 Gerloff,	 Hartung,	 Fruth,	 Hohmann,	 &	 Tautz,	
1999;	Lucchini	et	al.,	2002;	Palsbøll	et	al.,	1997),	detecting	move-
ment	and	migration	(Dixon	et	al.,	2006;	Proctor,	Mclellan,	Strobeck,	
&	 Barclay,	 2005),	 evaluating	 social	 structure	 (Constable,	 Ashley,	
Goodall,	&	Pusey,	2001;	Ford	et	al.,	2011;	Morin	et	al.,	1994),	de-
tecting	hybridization	 (Adams,	Kelly,	&	Waits,	2003;	Bohling	et	al.,	
2016;	 Steyer	 et	al.,	 2016),	monitoring	 disease	 epizootics	 (Kohn	&	












Ausband,	 Zager,	 &	Mack,	 2010),	 prompting	 many	 wildlife	 manag-















gle	nucleotide	polymorphisms,	 or	 SNPs	 (Morin,	 Luikart,	&	Wayne,	
2004).	 Unlike	 more	 conventional	 DNA	markers	 such	 as	 microsat-
ellites,	 SNPs	have	 relatively	 few	alleles	 per	 locus	 (theoretically	 up	
to	 four	 but	 usually	 only	 two	 due	 to	 low	mutation	 rates;	Glaubitz,	
Rhodes,	&	DeWoody,	2003)	 and	often	have	more	 limited	 applica-
tion	across	species	than	microsatellite	markers,	often	being	species-	
specific.	In	addition,	SNP	loci	are	more	prone	to	ascertainment	bias,	




numbers	 of	 loci	 can	 be	 surveyed	 simultaneously,	 particularly	with	
next-	generation	 sequencing	 or	 genotyping	 platforms,	 and	 (ii)	 the	
relative	 ease	 of	 scoring,	 analysis	 and	 modelling	 of	 SNP	 genotype	




For	 these	 reasons,	 we	 focus	 this	 review	 on	 recent	 genomic	
methods	 and	 platforms	 for	 producing	 SNP	 genotypes	 from	 MIS,	
considering	factors	such	as	development	costs	and	error	rates.	We	
evaluate	 whether	 these	 new	 approaches	 will	 enhance	 our	 ability	
to	 investigate	 questions	 in	 genetic	monitoring,	 such	 as	 estimating	
abundance,	genetic	structure	and	relatedness.	As	the	field	is	in	a	pe-
riod	of	unusually	rapid	transition,	we	also	highlight	the	importance	
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of	legacy	data	sets	and	recommend	how	to	address	the	challenges	
of	moving	 between	 traditional	 and	 next-	generation	 genetic	moni-
toring	platforms.	Finally,	we	consider	how	genetic	monitoring	could	
move	beyond	genotypes	 in	 the	 future.	For	example,	 assessing	mi-
crobiomes	could	provide	a	greater	understanding	of	the	relationship	
between	individuals	and	their	environment.
Box 1 Brown bears (Ursus arctos) as a model system for the development of MIS approaches
The	brown	bear	is	the	most	widely	distributed	bear	species	and	is	locally	endangered	at	many	locations	across	its	range.	The	desire	for	
alternative	methods	to	monitor	this	charismatic	species	launched	the	field	of	noninvasive	genetic	sampling,	and	the	field	has	kept	pace	

















Europe	 (e.g.,	De	Barba,	Waits,	Garton,	2010;	Karamanlidis	 et	al.,	 2010),	Pakistan	 (Bellemain,	Nawaz,	Valentini,	 Swenson,	&	Taberlet,	




















mtDNA from snagged 
hair samples
(Tablerlet & Bouvet, 1992)
mtDNA from faecal samples
(Hoss et al., 1992)
PCR-based sex ID method 
from hair samples
(Taberlet et al., 1993)
Microsatellite genotyping
for individual identification
from hair and faecal samples
(Taberlet et al., 1997)
First MIS genotype
mark–recapture population size
estimate for brown bears
(Woods et al., 1999)
Faecal DNA diet study using 
amplicon sequencing &
high-throughput platform 
(Valentini et al., 2009)
SNP genotyping of 
faecal samples
(Norman & Sprong, 2015)
High-throughput sequencing
of microsatellite markers from faeces
improves genotyping performance
(De Barba et al., 2016)
Stable isotope analysis
of hair samples provides
insight into diet
(Felicetti et al., 2004)
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2  | SAMPLING AND METHODOLOGIC AL 
CONSIDER ATIONS
2.1 | Sampling issues
Sampling	 strategies	 for	 non-	 or	minimally	 invasive	material	 in	 the	




cally	 used	 for	 minimum	 census	 estimates	 and	 population	 genetic	
studies)	or	to	maximise	recaptures	using	high	intensity	sampling	over	
a	 limited	geographic	range	 (to	estimate	ranging	behaviour	or	terri-
tory	 size	 for	an	 individual	or	group	of	 individuals,	 and	 to	estimate	
population	size,	e.g.,	Rudnick,	Katzner,	Bragin,	&	DeWoody,	2008).	



















Consideration	also	needs	 to	be	given	 to	 the	most	suitable	col-
lection	and	storage	method	for	the	study	species	and	sample	type.	






The	 human	 and	 agricultural	 genetics	 communities	 have	 already	
embraced	 SNPs	 for	 genotyping	 because	 of	 their	 myriad	 advan-
tages	 over	 microsatellites	 (although	microsatellites	 are	 still	 pre-
ferred	by	 some	 in	 the	human	 forensics	 field;	Butler,	 2015;	 FAO,	
2015).	 There	 are	 many	 methods	 for	 genotyping	 thousands	 of	
SNPs,	 including	 variations	 on	 RAD-	seq	 (Andrews,	 Good,	 Miller,	
Luikart,	 &	 Hohenlohe,	 2016;	 Baird	 et	al.,	 2008)	 and	 genotyp-
ing	 by	 sequencing	 (Elshire	 et	al.,	 2011).	 These	 approaches	 could	
be	 useful	 in	MIS	 if	 sufficient	 DNA	 can	 be	 obtained	 (e.g.,	 Chiou	
&	Bergey,	2015),	but	these	anonymous-	marker	approaches	often	
require	 considerably	more	DNA	 than	 is	 typically	 available	 to	 bi-
ologists	 using	MIS.	 The	DNA	 extracted	 from	 such	 samples	may	
also	 contain	 xenobiotic	 environmental	 DNA	 (eDNA),	 often	 from	
nontarget	 organisms,	 and	 thus	 require	 rigorous	 postsequencing	
filtering.	 Furthermore,	 these	 approaches	 genotype	 far	more	 loci	
than	needed	 for	 individual	 identification	 and	assessments	of	 re-
latedness,	population	 structure	and	other	parameters	of	general	
interest	 in	genetic	monitoring	studies	and	are	 thus	economically	
inefficient.	 However,	 some	 next-	generation	 sequencing	 and	 ad-
vanced	genotyping	methods	are	particularly	suitable	for	the	low-	
quality	or	quantity	of	DNA	that	are	typically	obtained	from	MIS;	
we	 broadly	 categorise	 these	 into	 SNP	 arrays	 and	 target	 enrich-









Platforms	 that	 more	 efficiently	 assess	 relevant	 numbers	 of	 SNPs	




labels.	 The	 Fluidigm	 platform	 simultaneously	 genotypes	 up	 to	 96	
SNP	loci	 in	96	samples,	determining	the	SNP	genotype	at	an	 indi-
vidual	locus	by	measuring	the	fluorescence	intensity	of	both	alleles.	
The	 fisheries	 community	 has	 embraced	 SNP	 genotyping	 assaying	
scores	of	 loci	with	 the	Fluidigm	platform	 (Bonanomi,	Therkildsen,	




2014).	 The	Fluidigm	SNP	 type	assay	 seems	 to	have	 relatively	 low	
error	 rates	 (e.g.,	 0.2%	 in	 DeWoody	 et	al.,	 2017;	 0.4%	 in	 Doyle	
et	al.,	 2016;	where	 error	 rates	 are	 estimated	 from	 the	 number	 of	
mismatches	 between	 replicates	 and	 consensus	 genotype;	 1%–3%	
per	allele	in	Kraus	et	al.,	2015;	1.7%	per	locus	in	Nussberger	et	al.,	
2014).	The	 low	error	rate	 is	 important	for	all	aspects	of	molecular	
ecology,	but	particularly	for	 inferences	of	 individual	 identification,	
parentage	and	 relatedness.	 In	addition,	 the	Fluidigm	platform	had	





A	 technologically	 similar,	 fluorescence-	based	 platform,	
Amplifluor	SNP	genotyping	 system,	has	been	 shown	 to	be	highly	
sensitive	 with	 low-	quality/quantity	 samples:	 there	 was	 a	 high	
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TA B L E  1  Contemporary	approaches	for	genotyping	low-	quality	and/or	quantity	DNA	samples










































Spitzer	et	al.	(2016) Fluidigm Faeces Brown	bear	(Ursus arctos) Pedigree	and	
population	size	
estimation
DeWoody	et	al.,	2017;	 Fluidigm Skin Grey	whale	(Eschrichtius 
robustus)
Individual ID and 
relatedness















Faeces Coyote	(Canis latrans) Admixture	and	
hybridization
Fitak	et	al.	(2015) MassARRAY	(Sequenom) Faeces Pumas	(Puma concolor) Development/
validation	of	SNP	
markers
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level	of	genotyping	success	with	as	few	as	10	DNA	templates	per	
assay	 (Morin	&	Mccarthy,	2007).	Mesnick	et	al.	 (2011)	used	eight	
microsatellite	 loci	 and	 38	 Amplifluor	 SNP	 loci	 to	 investigate	 the	
population	 structure	of	North	Pacific	 sperm	whales	 (Physter mac-
rocephalus).	 The	Amplifluor	 SNP	 loci	 had	 a	 comparable	 error	 rate	
(1.4%	 per	 allele)	 to	 the	microsatellite	 loci	 (0.9%	 per	 allele)	 in	 this	
study	(Tables	1	and	2).
In	 contrast	 to	 the	 fluorescence-	based	 platforms,	 the	
MassARRAY	platform	uses	mass	 spectrometry	 to	 determine	 SNP	
alleles.	 The	 key	 difference	 is	 the	 use	 of	 the	 primer	 extension	 or	
iPLEX	reaction,	which	incorporates	one	mass-	modified	nucleotide,	
depending	on	 the	 allele	 and	 assay	 design,	 enabling	 the	detection	


















The	aim	of	 target	 enrichment	 is	 to	 selectively	 capture	genomic	
regions	 of	 interest	 before	 high-	throughput	 sequencing.	 Target	
enrichment	methods	can	be	a	highly	sensitive	way	of	selectively	

















types	 generated	 with	 the	 Fluidigm	 platform.	 The	 method	 may	
require	 additional	 optimization	 for	 low-	quality/quantity	 DNA	
samples,	 although	 it	 works	 well	 with	 sheared	 DNA	 templates,	
success	 rates	drop	off	when	DNA	concentrations	<10	ng/μl	 (N.	
Campbell,	pers.	comm.).
Another	 targeted	 PCR	 approach	 has	 focused	 on	 the	 use	 of	
high-	throughput	 sequencing	 to	 generate	 microsatellite	 gen-













vantage	of	 linking	 into	 legacy	data	 sets	 if	 the	 same	sets	of	 loci	
can	be	used	in	the	new	and	traditional	microsatellite	genotyping	
platforms.	 However,	 optimization	 and	 validation	 steps	 are	 re-
quired	to	move	microsatellite	genotyping	on	to	a	new	sequencing	
platform	 (e.g.,	 De	 Barba	 et	al.,	 2017),	 which	 can	 be	 technically	
challenging.	 The	 application	 of	 this	 microsatellite	 genotyping	
with	 high-	throughput	 sequencing	 to	MIS	 studies	 has	 been	 lim-
ited	 thus	 far.	However,	De	Barba	 et	al.	 (2017)	 found	 that	 a	 set	
of	microsatellite	 loci	 optimised	 for	high-	throughput	 sequencing	
increased	 the	 yield	 and	 accuracy	 of	 genotypes	 generated	 from	
Reference Platform/method Starting material Species Inference
De	Barba	et	al.	(2017) High-	throughput	sequencing	of	
microsatellites	(Illumina	MiSeq)
Faeces Brown	bear	(Ursus arctos) Development/
validation	of	markers
Other	examples
Chiou	and	Bergey	(2015) ddRAD	using	FecalSeq Faeces Baboons	(Papio papio) Development/
validation	of	markers





TA B L E  1   (Continued)
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faecal	 samples,	 compared	with	metrics	 previously	 reported	 for	
genotyping	 microsatellites	 from	 faecal	 samples	 with	 capillary	
electrophoresis.
DNA	 capture	 methods,	 in	 conjunction	 with	 high-	throughput	
sequencing,	 have	 been	 used	 to	 investigate	 phylogenetic	 ques-





with	 Illumina	HiSeq	 and	provided	 sufficient	 genomic	markers	 to	
undertake	pedigree	reconstruction	 (Snyder-	Mackler	et	al.,	2016).	
Another	 study,	 using	 bait	 captures	 generated	 from	 the	 Agilent	
SureSelect	 system,	 successfully	 sequenced	more	 than	1.5	Mb	of	
nuclear	DNA	and	the	entire	mitochondrial	genome	from	chimpan-
zee	faeces	(Perry,	Marioni,	Melsted,	&	Gilad,	2010).	These	studies	










check	the	data	 for	error.	This	 is	particularly	 true	 for	noninvasively	
collected	 samples,	 which	 can	 have	 higher	 error	 rates	 (e.g.,	 Bayerl	
et	al.,	 2017).	 Target	 capture	 approaches	 that	 use	 high-	throughput	
sequencing	 tend	 to	 have	 custom	 bioinformatics	 pipelines	 (e.g.,	









(errors	 of	 omission)	 as	 well	 as	 erroneous	 genotypes	 (errors	 of	
commission;	Faria	et	al.,	2011).	Missing	and	erroneous	genotypes	
can	 be	 due	 to	many	 possible	 causes,	 such	 as	 suboptimal	 geno-
typing	 protocols,	 limited	 DNA	 quantity	 and	 quality,	 contami-
nation	 and	 human	 error	 (Bonin	 et	al.,	 2004;	 Pompanon,	 Bonin,	
Bellemain,	&	Taberlet,	2005).	MIS	data	are	especially	problematic	
due	 to	 the	 low	DNA	quality	 and	quantity,	 and	 can	 incur	 a	 high	
rate	of	error.
Missing	 and	 erroneous	 genotypes	 affect	 many	 genetic	 anal-
yses,	yielding	potentially	 biased	 and	 imprecise	 results	 and,	 in	 turn,	
incorrect	conclusions.	Broadly	speaking,	analyses	that	use	genotype	




missing	 and	 erroneous	 genotypes	 do	 not	 substantively	 change	 al-
lele	 frequencies,	 such	 errors	 tend	 to	 have	 small	 effects	 on	 FST. In 






















&	 Song,	 2011)	 for	 SNPs	 from	 next	 generation	 sequencing	 (NGS).	
Loci	 can	 also	have	null	 alleles,	which	produce	no	observable	phe-
notype	(Dakin	&	Avise,	2004).	Thus,	null	allele	homozygotes	would	
be	scored	as	missing	data,	whereas	a	null	allele	heterozygote	would	
be	 scored	 (erroneously)	 as	 a	homozygote	of	 the	observable	allele.	
Traditionally,	a	single	best	genotype	is	reported	for	an	individual	at	
a	locus.	The	large	uncertainties	of	such	called	SNP	genotypes	mean	






locus	 with	 corresponding	 likelihoods	 that	 summarise	 the	 quality	
and	evidence	of	the	reads	data,	as	well	as	incorporating	information	
on	 population-	level	 allele	 frequencies	 (Nielsen	 et	al.,	 2011).	 Using	
genotype	 likelihoods	 to	account	 for	uncertainties	at	 the	 individual	






and	obtaining	approximately	one	read	per	 locus	and	 individual	 (1×	
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coverage)	yields	the	most	information	about	a	population.	More	sta-
tistical	methods	urgently	need	to	be	adapted	or	developed	to	take	





The	 fundamental	 strategy	 for	 improving	 data	 quality	 is	 by	 en-
hancing	DNA	quantity	and	quality,	reducing	contamination,	improv-
ing	 PCR	 protocols	 (or	 NGS	 coverage),	 employing	 good	 laboratory	
practices	 and	 other	 technical	 improvements	 that	 are	 beyond	 the	
scope	of	this	review	(for	more	information:	Bonin	et	al.,	2004;	Morin	
et	al.,	2010;	Paetkau,	2003;	Pompanon	et	al.,	2005;	Waits	&	Paetkau,	
2005).	 As	 with	 microsatellite	 genotyping	 (Bonin	 et	al.,	 2004),	 the	
















known	 (e.g.,	 Sobel,	Papp,	&	Lange,	2002)	or	 reconstructed	ped-
igree	 (e.g.,	Wang	&	Santure,	2009).	The	 former	 is	effective	only	
in	detecting	null	alleles	and	allelic	dropouts	that	can	cause	direc-

















with	 data	 missing	 rates,	 measure	 data	 quality.	 More	 importantly,	
these	methods	allow	downstream	analyses	to	effectively	filter	out	
the	 noises	 in	 extracting	 information	 from	 the	 genotype	 data	 and	
in	arriving	at	robust	and	accurate	analysis	results	 (e.g.,	Kalinowski,	
Taper,	&	Marshall,	2007;	Wang,	2004).
3  | QUESTIONS AND METRIC S THAT C AN 









Species	 and	 site	occupancy	 and	presence/absence	 analysis	 relies	
on	information	needed	to	avoid	biased	estimates;	quantifying	de-
tection	 rates	and	especially	understanding	whether	a	 target	 spe-
cies	 is	 present,	 but	 undetected	 (e.g.,	MacKenzie,	 Nichols,	 Hines,	
Knutson,	 &	 Franklin,	 2003).	 Molecular	 data	 can	 augment	 these	
studies,	enabling	more	accurate	detection	even	at	very	low	levels	of	
occupancy	using	environmental	samples	and	DNA	barcoding	(e.g.,	




(2016)	 assayed	 faecal	 samples	 from	 an	 unsurveyed	 region	 in	 the	









3.2.1 | Individual identification and its application: 
Abundance/density
The	 recapture	 of	 individuals,	 identified	 by	 their	 genotype,	 across	
time	 and	 space,	 has	 allowed	 genetic	monitoring	 to	 become	 a	 key	
tool	in	estimating	abundance,	density	and	demographic	parameters	
in	 a	 variety	 of	 species.	 It	 has	 been	 particularly	 important	 in	 spe-
cies	that	are	evasive,	endangered	(Taberlet	et	al.,	1997),	dangerous	
(Kendall	 et	al.,	 2009)	 or	 otherwise	 difficult	 to	 capture/recapture	
(Constantine	 et	al.,	 2012),	 such	 as	 those	 that	 show	 limited	 varia-
tion	 in	 natural	markings,	 reducing	 the	 usefulness	 of	 conventional	
identification	 from	 photographs	 (e.g.	 juvenile	 cetaceans,	 Carroll	
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et	al.,	2016).	The	use	of	genetic	monitoring	to	estimate	abundance	
ranges	from	the	enumeration	of	the	number	of	genotypes	in	a	re-
gion	 (Taberlet	et	al.,	1997),	 to	single-	session	models	 (Miller,	Joyce,	






sity	 estimates	 using	 genetic	monitoring	 approaches	 (Mollet,	Kéry,	







erate	consensus	genotypes	 from	multiple	PCR	 replicates	 (Taberlet	
et	al.,	 1997)	 or	 models	 that	 directly	 incorporate	 genotyping	 error	
(Lukacs	&	Burnham,	2005;	Wang,	2016).	In	transitioning	to	the	ge-
nomics	 era,	 new	 approaches	 such	 as	 direct	 sequencing	 of	 micro-
satellite	 loci	 (De	Barba	et	al.,	 2017)	 and	SNP	analysis	will	 be	used	
(Fitak	et	al.,	2015;	Kraus	et	al.,	2015).	Large	panels	of	markers	from	




graphic	 parameters	 such	 as	 effective	 population	 size	 (Bravington,	
Skaug,	&	Anderson,	2016;	Wang,	2009).
3.2.2 | Other demographic parameters
Long-	term	 effective	management	 of	 populations	 and	 species	 re-
quires	sound	knowledge	of	key	demographic	parameters,	such	as	
survival	and	growth	rates.	The	most	common	way	to	estimate	such	
parameters	 is	 from	 long-	term	studies	 that	 follow	 individuals	over	



















of whale shark 
(Rhincodon typus; 
Sigsgaard et al., 2016)
“Dirt” DNA to assess 
contemporary
vertebrate diversity 
(Andersen et al., 2012)
Lake sediments to assess
paleoecology: species distribution
and community composition
(Pedersen et al., 2016)
DNA from carrion fly stomach 
to assess mammalian 
biodiversity (Calvignac-
Spencer et al., 2013)
Viral DNA from leech gut 
contents to assess prevalence 
of disease in experimental conditions
(Kampmann et al., 2017)
Detection of rare and endangered
species in marine and freshwater 
environments (e.g., Foote et al., 
2012; Mächler et al., 2014)
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3.2.3 | Individual space use and movement
Genetic	 monitoring	 using	MIS	 can	 also	 provide	 valuable	 informa-
tion	 on	 individual	 space	 use,	 movement	 patterns	 and	 dispersal.	
This	approach	has	been	used	to	monitor	population	expansion	and	
individual	 dispersal	 distances	 in	 reintroduction	 efforts	 for	 brown	
bears	 (De	 Barba,	 Waits,	 Garton,	 et	al.,	 2010),	 grey	 wolves	 (Canis 
lupus;	 Stenglein	 et	al.,	 2010)	 and	 Columbia	 Basin	 pygmy	 rabbits	
(Brachylagus idahoensis;	 Demay,	 Becker,	 Rachlow,	 &	Waits,	 2017),	
investigate	 connectivity	 between	migratory	 habitats	 in	 humpback	
whales	 (Megaptera novaeangliae;	Constantine	et	al.,	2014;	Garrigue	
et	al.,	2011),	to	monitor	roosting	movements	in	eagles	(Rudnick	et	al.,	
2008)	 and	 to	 detect	 natural	 range	 expansion	 (Carroll	 et	al.,	 2014;	
Valière	et	al.,	2003)	using	microsatellites.	MIS	using	microsatellites	
has	also	been	valuable	for	assessing	the	effectiveness	of	corridors	






3.2.4 | Relatedness and kin structure (kinship)
Since	 the	 development	 of	 relatively	 large	 panels	 of	 markers	 (mi-
crosatellites	 and	 more	 recently	 SNPs),	 those	 panels	 have	 been	
used	to	monitor	the	existing	relationships	between	individuals	of	a	
given	population,	either	to	investigate	genetic	and	social	structure,	
gene	 flow,	 reconstruct	pedigrees	or	minimise	 inbreeding	 (Caniglia,	
Fabbri,	Galaverni,	Milanesi,	&	Randi,	2014;	Da	Silva,	Lalonde,	Quse,	
Shoemaker,	 &	 Russello,	 2010;	 Jones	 et	al.,	 2002;	 Peters,	 Queller,	
Imperatriz-	Fonseca,	Roubik,	&	Strassmann,	1999;	Stenglein,	Waits,	
Ausband,	Zager,	&	Mack,	2011).	Metrics	generally	used	to	measure	
relatedness	 between	 two	 individuals	 estimate	 either	 a	 summary	
statistic	(such	as	coancestry	coefficient	and	its	equivalents),	which	
would	 correspond	 to	 the	 relatedness	 between	 two	 individuals,	 or	
the	probability	that	two	individuals	are	 linked	with	a	particular	re-






2015).	The	development	of	NGS	 tools	 is	expected	 to	 increase	 the	
availability	 of	 high-	density	 panels,	 thus	 improving	 the	 reliability	







Historically,	 microsatellites	 were	 used	 with	 MIS	 to	 produce	 esti-
mates	of	population	genetic	variation	based	on	allelic	diversity	and	
heterozygosity.	 Allelic	 diversity,	 which	 is	 often	 high	 and	 variable	
among	microsatellite	 loci,	 is	not	very	 informative	 for	SNPs.	This	 is	






(2016)	 surveyed	 162	 SNPs	 in	 golden	 eagles	 and	 found	 that	mean	
observed	heterozygosity	(HO)	was	0.32	±	0.01	in	juveniles	whereas	
adult	 HO	 was	 0.35	±	0.01,	 a	 significant	 statistical	 difference	 con-








Populations	 of	 conservation	 concern	 are	 usually	 small	 and	 thus	
experience	inbreeding	and	genetic	drift	that	could	lead	to	a	deple-
tion	of	genetic	variation.	The	parameter	effective	population	size	
measures	 the	strength	of	 the	stochastic	processes	of	 inbreeding	
and	 genetic	 drift	 (Wright,	 1931)	 in	 a	 population.	 It	 is	 defined	 as	
the	 size	 of	 an	 idealised	 population	which	would	 give	 rise	 to	 the	
same	rate	of	 inbreeding	or	drift	as	observed	 in	 the	actual	popu-
lation	 under	 consideration	 (Caballero,	 1994;	 Wang,	 Santiago,	 &	
Caballero,	 2016).	 For	 wild	 populations	 where	 pedigree	 data	 are	
unavailable,	marker	data,	generated	from	MIS,	can	be	used	to	esti-
mate	both	historical	(e.g.,	Beerli	&	Felsenstein,	2001)	and	recent/
current	 effective	 size	 of	 a	 population	 (Wang,	 2016).	 Recent	 ef-
fective	 population	 size	 can	 be	 estimated	 by	 approaching	 a	wide	
range	of	signals	(temporal	variance	in	allele	frequency,	frequency	
of	 close	 relatives,	 linkage	 disequilibrium,	 heterozygosity	 excess,	
etc.)	measuring	either	 inbreeding	or	genetic	drift	 in	a	given	 time	
period.	 By	 consequence,	 depending	 on	 the	 data	 available,	 vari-
ous	 approaches	 can	 be	 implemented,	 each	 with	 its	 own	 advan-
tages	 and	 limits.	 For	 instance,	 linkage	 disequilibrium	 estimates	
of	contemporary	effective	population	size	can	be	obtained	 from	
unlinked	microsatellites	 or	 SNPs.	When	 the	 linkage	 information	
between	 SNPs	 is	 also	 available,	 linkage	 disequilibrium	 estimates	
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allow	the	inference	of	effective	population	size	over	past	genera-
tions	(Hayes,	Visscher,	Mcpartlan,	&	Goddard,	2003).
While	 this	 approach	 has	 its	 limitations	 and	 caveats	 (Palsbøll,	
Peery,	 Olsen,	 Beissinger,	 &	 Bérubé,	 2013),	MIS	 has	 been	 used	 to	









2003)	 and	 Seychelles	 warbler	 (Acrocephalus sechellensis;	 Spurgin	
et	al.,	2014).
Contemporary	 estimates	 of	 effective	 population	 size	 or	 num-
ber	of	effective	breeders	are	also	a	critical	indication	of	the	genetic	
resilience	 of	 a	 population	 (Frankham,	 Bradshaw,	 &	 Brook,	 2014),	
and	 have	 been	 estimated	 with	 MIS	 for	 brown	 bears	 (De	 Barba,	
Waits,	Garton,	et	al.,	2010;	Gonzalez	et	al.,	2016),	Hector’s	dolphin	
Box 3 The importance of “delta” in genetic monitoring
Endangered	species	are,	by	definition,	the	subject	of	local,	regional,	national	and	international	legislation,	including	the	Convention	on	Biological	
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3.3.3 | Social and genetic structure















using	MIS	methods.	 In	 such	 cases,	 it	 is	 important	 to	 know	where	




structure	 in	wild	populations	using	MIS	 (e.g.,	Norman	et	al.,	 2017;	
Russello,	Waterhouse,	Etter,	&	Johnson,	2015;	Steyer	et	al.,	2016).	












to	 population	 and	 species	 persistence	 creating	 a	 need	 for	 long-	
term	 genetic	 monitoring	 (Allendorf,	 Leary,	 Spruell,	 &	 Wenburg,	
2001).	 Genetic	 monitoring	 approaches	 using	 MIS	 have	 been	 ap-
plied	to	detect	hybridization	in	multiple	carnivore	species	including	
grey	wolves	 (Caniglia	 et	al.,	 2014;	Godinho	 et	al.,	 2015;	 Kopaliani,	
Shakarashvili,	Gurielidze,	Qurkhuli,	&	Tarkhnishvili,	2014;	Monzón,	
Kays,	 &	 Dykhuizen,	 2014),	 Eastern	 wolves	 (Canis lycaon,	 Benson,	
Patterson,	&	Wheeldon,	2012),	red	wolves	(Canis rufus;	Adams	et	al.,	








DNA	 metabarcoding	 combined	 with	 high-	throughput	 sequencing	
has	proven	to	be	an	effective	genetic	monitoring	tool	to	character-
ise	diet	(Pompanon	et	al.,	2012;	Valentini	et	al.,	2009).	This	method	
has	 been	 used	 to	 noninvasively	 study	 diet	 in	 a	 diverse	 range	 of	
species	 including	Adelie	 penguins	 (Pygoscelis adeliae;	 Jarman	 et	al.,	
2013),	golden-	crowned	sifaka	(Propithecus tattersalli;	Quéméré	et	al.,	
2013),	 subterranean	 rodents	 (Ctenomys	 sp.;	 Lopes	 et	al.,	 2015),	
tapir	 (Tapirus terrestris;	Hibert	et	al.,	2013),	brown	bears	 (De	Barba	
et	al.,	2014;	Elfström	et	al.,	2014;	Valentini	et	al.,	2009),	golden	mar-
mots	 (Marmota caudata;	 Valentini	 et	al.,	 2009),	 African	 herbivores	
(Kartzinel	et	al.,	2015),	Hawaiin	tree	snails	(Achatinella	spp.;	O’Rorke	
et	al.,	 2015;	 Price,	 O’Rorke,	 Amend,	 &	 Hadfield,	 2017),	 red	 deer	
(Cervus elaphus;	Fløjgaard,	De	Barba,	Taberlet,	&	Ejrnæs,	2017)	and	
leopard	 cats	 (Prionailurus bengalensis;	 Shehzad	 et	al.,	 2012).	While	
technical	 limitations	 mean	 that	 diet	 inference	 is	 typically	 semi-	























with	 microsatellites.	 Unfortunately,	 this	 is	 time-	consuming	 and	 ex-
pensive	because	it	would	require	SNP	genotyping	a	reference	sample	















most	sense	 to	use	 “microsatellite	sequencing”	 techniques	 (e.g.,	De	
Barba	et	al.,	2017)	in	an	effort	to	continue	surveying	the	same	loci	
(albeit	with	a	different	technology),	at	the	same	time	as	expanding	
genome	sampling.	 It	may	be	possible	to	 impute	genotypes	 if	suffi-
ciently	large	sample	sizes	are	available	for	present	and	past	data,	and	




























sources)	 and	 abiotic	 (e.g.,	 hunting)	 pressures.	 Conventionally,	 lon-






found	 to	work	well	 in	 some	 bird	 species	 (e.g.,	 Haussmann,	 Vleck,	
&	Nisbet,	2003),	 its	wider	 applicability	has	been	 limited	 (Dunshea	




Epigenetic	markers	might	 have	utility	 in	monitoring	 other	 fac-
ets	 of	 population	 demography,	 as	 epigenetic	 changes	 have	 been	


















the	 microbiome	 could	 act	 directly	 to	 protect	 health,	 through	
competitive	 exclusion	 or	 by	 stimulating	 immunity,	 or	 act	 indi-
rectly,	 by	 modifying	 metabolism	 or	 development	 (Bahrndorff,	
Alemu,	Alemneh,	&	Lund	Nielsen,	2016).	For	example,	research	
has	linked	changes	in	skin	bacterial	microbiome	with	outbreaks	







tion	 in	 North	 America	 showed	 that	 antibiotic-	resistant	 bacte-
ria	 were	 present	 in	 the	 respiratory	 microbiome	 of	 apparently	
healthy	 individuals	 (Raverty	 et	al.,	 2017).	 Therefore,	 microbi-
omes	could	be	regularly	screened	using	MIS	for	the	presence	of	
both	beneficial	and	harmful	components	as	part	of	an	ongoing	
genetic	 monitoring	 scheme.	 Changes	 in	 the	 characteristics	 of	
the	microbiome	over	time	might	also	be	indicative	of	changes	in	
the	quality	of	 the	social	or	broader	environment	 (Amato	et	al.,	
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2013;	Tung	et	al.,	2015)	and	can	be	significantly	differentiated	
among	individuals	within	a	population	(Klein-	Jöbstl	et	al.,	2014).	
Additionally,	 studies	 in	model	 organisms	 have	 used	 proteomic	
analysis	 of	 faecal	 samples	 to	 noninvasively	 monitor	 host–mi-
crobe	 interaction	during	development	 (e.g.,	Young	et	al.,	2015)	
and	 disease	 processes	 (e.g.,	 Yau,	 Leong,	 Zeng,	 &	 Wasinger,	
2013).
As	the	gut	microbiome	is	closely	related	to	diet	(Amato	et	al.,	
2013;	 Delsuc	 et	al.,	 2014),	 it	 has	 been	 suggested	 as	 a	 potential	
screening	 tool	 to	 identify	dietary	components	 (Bahrndorff	et	al.,	
2016).	 However,	 evidence	 suggests	 that	 survey	methods	 focus-




4.2.3 | Functional or adaptive genetic monitoring
Traditional	 genetic	 monitoring	 has	 focused	 on	 presumably	 neu-
tral	 markers	 to	 identify	 individuals	 and	 to	 assess	 genetic	 diver-
sity.	When	whole-	genome	 data	 are	 available,	 investigators	 have	
the	 choice	 of	 using	 intergenic	 SNPs	 from	 gene	 deserts	 or	 of	









TA B L E  3  Beyond	genotypes:	selected	examples	of	the	application	of	genomic	sequencing	technology	to	study	ecology	and	evolution	of	
species	using	minimally	invasive	samples
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Only	a	few	studies	have	yet	investigated	the	possibilities	of	using	
MIS	approaches	 for	 such	a	purpose.	Russello	et	al.	 (2015)	used	hair	
samples	to	investigate	genetic	diversity	and	in	the	American	pika	hair,	






Genetic	monitoring	with	MIS	 has	 proven	 to	 be	 a	 valuable	 tool	 to	








genetic	monitoring	 Investigative	Workshop	at	 the	National	 Institute	
for	Mathematical	and	Biological	Synthesis,	sponsored	by	the	National	
Science	 Foundation	 through	 NSF	 Award	 #DBI-1300426,	 with	 ad-



















based	 population	 assignment	 had	 proved	 impossible	 (Nielsen	 et	al.,	 2012).	 Furthermore,	 portable	 sequencing	 devices,	 such	 as	 the	
MinIon	 (Oxford	 Nanopore	 Technologies),	 are	 starting	 to	 be	 used	 to	 sequence	 samples	 in	 field	 laboratory	 conditions	 (Edwards,	
Debbonaire,	Sattler,	Mur,	&	Hodson,	2016;	Quick	et	al.,	2016).	This	leads	to	the	possibility	that	in	the	near	future	researchers	will	be	able	
to	undertake	real-	time	assessments	of	the	species,	and	potentially	population	of	origin,	of	products	in	markets.
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